In this work we have investigated a full range of neutrophil responses to CPPD crystals, the effect of opsonisation with IgG, and the effect of precoating CPPD crystals with plasma or serum. Although published reports suggest that CPPD crystals are relatively weak stimulators of neutrophil responses compared with
Abstract
Objectives-Little is known about the effect on crystal induced neutrophil responses of the opsonisation of calcium pyrophosphate dihydrate (CPPD) (triclinic) crystals with components of serum and plasma. The purpose ofthis study was to determine the effects of precoating CPPD crystals with plasma, serum, complement depleted serum, and IgG on a full range of crystal induced neutrophil responses (calcium mobilisation, chemiluminescence, superoxide anion production, non-cytolytic lysosomal enzyme release, and leukotriene synthesis). Methods-Crystals were precoated with IgG, serum, plasma, or complement depleted serum (heated at 56°C), incubated with neutrophils and the responses monitored with time. Measurement of the extent of neutrophil association with crystals was based on monitoring the decrease in fluorescence intensity of supernatants when crystals and diphenylhexatriene labelled neutrophils were allowed to settle under gravity. Results-Precoating CPPD crystals with IgG, plasma, and serum significantly enhanced chemiluminescence, superoxide anion generation, increases in cytosolic free calcium levels, and non-cytolytic lysosomal enzyme release by neutrophils compared with uncoated CPPD crystals. The enhancement of neutrophil responses by crystals coated with complement depleted serum was less pronounced. The increased neutrophil responses induced by CPPD Eppendorf tubes containing CPPD crystals (final concentration, 50 mg/ml), 1 mg/ml ferricytochrome c (horse heart type 3; Sigma), and cells (5 X 106/ml) were incubated at 37°C by tumbling end over end at 100 rev/min. Identical tubes also containing 600 U/ml superoxide dismutase (Sigma) were tumbled at 37°C. At given time intervals the tubes were removed, centrifuged at 10 000 g for 10 seconds and the supernatant removed for immediate spectrophotometric assay at 550 nm. The concentration of superoxide anion in the supernatant was calculated using an extinction coefficient of 0-0211 for ferricytochrome c.
NEUTROPHIL DEGRANULATION Cells (5x 106/ml) and CPPD crystals (50 mg/ml) were incubated at 37°C by tumbling end over end at 100 rev/min in microfuge tubes and at given time intervals the tubes were removed, centrifuged in a microfuge for 10 seconds, and 0 4 ml supernatant frozen at -20°C for later assay. Lysozyme was measured by adjusting the absorbance of a 2 5 ml Micrococcus lysodeikticus (Sigma) suspension (0 1 mg/ml in 0-65 M potassium phosphate buffer, pH 6&2) to 0 7, adding 100 ,ul supernatant, and monitoring the decrease in absorbance with time. Lysozyme standards (chicken egg white; Sigma) in the 0-2000 U/ml range were prepared and a standard curve obtained. Myeloperoxidase activity was determined by monitoring the change in absorbance per minute (AA450) of 0-89 ml 3-2 mM o-dianisidine (Sigma) solution in 0 1 M citrate buffer, pH 5-5, to which had been added 10 ,ul 10 mM hydrogen peroxide, 50 [LI 1% Triton X-100, and 50 pLI supernatant. Myeloperoxidase activity was calculated from the following relationship Dianisidine oxidation (nmol/min)=50A450 Supernatants from these degranulation experiments were also assayed for lactate dehydrogenase levels as previously described.3 LEUKOTRIENE GENERATION Cells (3X 107/ml) and CPPD (100 mg/ml) were tumbled at 37°C as previously described for 30 minutes, centrifuged at 10 000 g for 10 seconds and the supernatants collected for leukotriene extraction.'7 Briefly, 1-5 ml supernatant was added to conditioned C18 extraction cartridges (Baker) and leukotrienes eluted with 5 ml methanol, evaporated to dryness under nitrogen and reconstituted in 200 ,ul methanol. Leukotrienes were measured by reversed phase high performance liquid chromatography (HPLC) using ultraviolet detection at 280 nm by the method of Steffenrud and Salari. 18 The HPLC system consisted of a Beckman Model 110A pump, a Model 210 sample injection valve fitted with a 20 pl loop, a Beckman Model 160 ultraviolet detector, and a Shimadzu C-R3 integrator. The column was an ODS C18 silica column (Beckman) and the mobile phase was methanol/water, 7:3 v/v, containing 0-1% heptafluorobutyric acid adjusted to pH 3 0 with triethylamine at a flow rate of 1 ml/min. The internal standard, was added to the sample before extraction.
PRECOATING CRYSTALS WITH PROTEINS
Crystals were incubated by tumbling with 50% normal human serum, 50% plasma (freshly collected using heparin anticoagulant) or 6 mg/ml IgG (human; Sigma) at 37°C for 30 minutes. Zymosan (2 mg/ml) was also incubated with 50% serum. Following centrifugation at 10 000 g for 10 seconds, the crystal pellets were washed in HBSS and recentrifuged.
IgG BINDING TO Leukotriene adsorption was carried out by incubating CPPD crystals (50 mg/ml) with a solution of 1 mg/ml each of leukotriene B4 (LTB4), the LTB4 omega oxidised metabolite LTB4-OH, and prostaglandin B2 for 10 minutes at 37°C.
Results
Concentrations of neutrophils and crystals found to produce significant and reproducible levels of neutrophil activation and responses were 5 X 106 cells/ml and 50 mg/ml CPPD crystals. These concentrations were used in all studies except for leukotriene determinations where higher cell and crystal concentrations were needed to produce sufficient amounts of leukotrienes for measurement.
Figures 2, 4, 5, and 6 each show representative time course data for one experiment. 
CRYSTAL-NEUTROPHIL ASSOCIATION
These experiments were adapted from previously published methods for measuring the binding or association of MSUM to platelets'4 and erythrocytes."9 The studies were based on monitoring the decrease in fluorescence intensity of supematants when diphenylhexatriene labelled neutrophils were mixed with crystals and allowed to settle under gravity. This process largely sedimented crystals and neutrophils associated with crystals but not 'free' neutrophils, which therefore remained in the supematant. The 'free' neutrophils in the supematant could be determined by reading the fluorescence intensity of the supematant, this intensity being the total diphenylhexatriene emission from the neutrophils in the supematant. A series of dilutions of a neutrophil suspension from 5 X 1 O6 to 5 X105 cells/ml showed a linear decrease in fluorescence intensity at 428 nm with a correlation coefficient of 0 9997.
This so called association of neutrophils and crystals could include neutrophils with crystals bound to the plasma membrane, or neutrophils with internalised or phagocytosed crystals, or both. Preliminary experiments to optimise the crystal concentration at a cell concentration of 5 x 106 cells/ml showed that the percent association of crystals with neutrophils was 10, 17, 27, and 30% at crystal concentrations of 4 5, 9, 18, and 27 mg/ml. At a crystal and cell concentration of 50 mg/ml and 5 x 1 o6 cells/ml, the percentage association of crystals with neutrophils was 53 (1 1)%. Figure 1 shows the effect of protein precoating of CPPD on the percentage neutrophil association at 50 mg/ml CPPD crystals. Precoating CPPD crystals with plasma, serum, or serum heated at 56°C had no effect on the percentage neutrophil association. IgG coated CPPD crystals significantly increased the percentage neutrophil 
CHEMILUMINESCENCE
The chemiluminescent response of neutrophils to uncoated CPPD crystals increased significantly as the crystal concentration was increased, the peak response at 10 mg/ml CPPD crystals being only approximately 20% of the peak response at 50 mg/ml. Crystal concentrations greater than 50 mg/ml produced decreased chemiluminescence, probably owing to interference of the high concentration of suspended material with light emission. The chemiluminescent responses of neutrophils stimulated by plasma, serum, and heated serum precoated CPPD crystals were faster and more extensive than neutrophils stimulated by 50 mg/ml uncoated CPPD crystals (fig 2) . Similar results were obtained for IgG coated CPPD crystals. Maximum chemiluminescent response was reached in about three to five minutes for uncoated CPPD crystals and in about two to three minutes for plasma, serum, heated serum, and IgG coated CPPD.
Maximum neutrophil chemiluminescent responses to all protein coated CPPD crystal samples were significantly higher than maximum chemiluminescent responses to uncoated CPPD crystals (p<0.01). of superoxide generation by neutrophils compared with uncoated crystals (measured at 10 minutes). Table 1 In this work, under conditions of high levels of crystal-neutrophil association, uncoated CPPD crystals were a potent activator of neutrophils resulting in calcium mobilisation, chemiluminescence, superoxide anion production, non-cytolytic lysosomal enzyme release, and leukotriene synthesis.
Previous studies comparing neutrophil activation by CPPD and MSUM crystals at equivalent concentrations (generally between 3 and 8 mg/ml) have shown that CPPD crystals always produced significantly lower neutrophil responses than MSUM crystals.2 4 Our results show that much greater CPPD crystal concentrations (50 mg/ml) were required to produce high levels of neutrophil association and activation. The differences in responses to CPPD and MSUM crystals may be explained at least in part by the difference in surface area of CPPD and MSUM crystals. The long needle shaped habit of the MSUM crystals gives a high surface area to volume ratio compared with the prismatic shape of the CPPD crystal, and specific surface areas of our MSUM samples are generally five to tenfold higher than specific surface areas of our synthetic CPPD triclinic samples. 
